Xenotropic murine leukemia virus-related virus (XMRV) is a gammaretrovirus originally identified in human prostate cancers (33). Small numbers of XMRV-infected cells have been observed in prostatic stromal cells but not in prostate carcinoma (33). Another study identified XMRV proviral DNA in 6 and 23% of prostate tumors when analyzed by real-time PCR and immunostaining, respectively (27). While initial studies associated XMRV almost exclusively in men who were homozygous for a variant of RNase L (R462Q), which is known to have reduced antiviral activity (33), more recent work failed to link XMRV infection and RNase L mutation (4). XMRV has also been reported in patients with chronic fatigue syndrome (CFS) (17). A total of 67% of CFS patients were positive for XMRV proviral DNA, whereas only 3.7% of healthy subjects were positive for XMRV. Subsequent testing by several other groups found no evidence of infection with XMRV in CFS patients or in healthy controls (30). In Europe, no XMRV was detected in 139 prostate cancer patients in an Irish cohort (4), while no or very few XMRV-specific DNA, RNA, or antibodies were detected in Germany or the United Kingdom cohort of CFS (7, 10, 34).
Xenotropic murine leukemia virus-related virus (XMRV) is a gammaretrovirus originally identified in human prostate cancers (33) . Small numbers of XMRV-infected cells have been observed in prostatic stromal cells but not in prostate carcinoma (33) . Another study identified XMRV proviral DNA in 6 and 23% of prostate tumors when analyzed by real-time PCR and immunostaining, respectively (27) . While initial studies associated XMRV almost exclusively in men who were homozygous for a variant of RNase L (R462Q), which is known to have reduced antiviral activity (33) , more recent work failed to link XMRV infection and RNase L mutation (4) . XMRV has also been reported in patients with chronic fatigue syndrome (CFS) (17) . A total of 67% of CFS patients were positive for XMRV proviral DNA, whereas only 3.7% of healthy subjects were positive for XMRV. Subsequent testing by several other groups found no evidence of infection with XMRV in CFS patients or in healthy controls (30) . In Europe, no XMRV was detected in 139 prostate cancer patients in an Irish cohort (4), while no or very few XMRV-specific DNA, RNA, or antibodies were detected in Germany or the United Kingdom cohort of CFS (7, 10, 34) .
These conflicting data make it unclear to what degree XMRV infects humans and whether it plays a role in human diseases. If an etiological link is confirmed, detection and prevention of XMRV would provide novel intervention strategies for early diagnosis and treatment of both diseases. Moreover, since XMRV or XMRV-specific antibodies were detected in apparently healthy subjects, it would be critical to monitor XMRV contamination in clinical products for transfusion and transplantation.
For a better understanding of XMRV transmission, tissue tropism, and pathogenicity, studies of XMRV infection in animal models are crucial. Laboratory mice have provided important small animal model systems for many human diseases, due to their availability, size, low cost, ease of handling, and fast reproduction rate, and extensive studies have been carried out in mice to study the pathogenesis of closely related murine leukemia viruses (MLVs) (5, 11, 20, 23, 32) . However, studies of XMRV pathogenesis in a mouse model have been hampered by the lack of functional receptor for XMRV in standard laboratory mice derived from Mus musculus species.
XMRV is closely related to xenotropic MLVs (X-MLVs) (33) . The X-MLVs and polytropic MLVs (P-MLV) use Xpr1 as a receptor for cell entry (1, 31, 37) , and so does XMRV (6, 13, 36) . Xpr1 has four known variant receptor alleles in mice, Xpr1 n , Xpr1 sxv , Xpr1 c , and Xpr1 p , and each has a different susceptibility for P-MLV and/or X-MLV (35) . P-MLV uses Xpr1 n as receptor and most cells from Mus musculus laboratory mice express this receptor (35) . Wild mice of the Eurasian genus Mus, such as Mus dunni, express the Xpr1 sxv allele and are susceptible to both P-MLV and X-MLV, whereas the Asian mouse species Mus castaneus expresses Xpr1 c and is susceptible only to X-MLV (19) . Mus pahari is another Asian wild mouse species. This species is rooted at the base of the Mus phylogenic tree, suggesting that it may represent a Mus ancestral species. Mus pahari has the Xpr1 p allele and is susceptible to X-MLV (35) .
Recent data indicate that XMRV can infect Mus pahari cells (35) . We therefore hypothesized that Mus pahari might be a suitable small animal model for XMRV infection. To test this, we examined the early events in XMRV infection of Mus pahari cells and Mus pahari mice in vivo.
MATERIALS AND METHODS
Mice. The wild-derived mice, Mus pahari/EiJ, were purchased from the Jackson Laboratory. The mice were housed in the Mayo Clinic Animal Facility under the Association for Assessment and Accreditation of Laboratory Animal Care (AALAC) guidelines with animal use protocols approved by the Mayo Clinic Animal Use and Care Committee. All animal experiments were carried out according to the provisions of the Animal Welfare Act, PHS Animal Welfare Policy, the principles of the NIH Guide for the Care and Use of Laboratory Animals, and the policies and procedures of Mayo Clinic.
Isolation of Mus pahari fibroblast cells. Skin samples from a neonatal mouse were treated with trypsin at 37°C for 30 min. Dissociated cells were then cultured in Dulbecco modified Eagle medium containing 10% fetal bovine serum (FBS) and antibiotics (penicillin and streptomycin).
Evaluation of XMRV production from the XMRV-infected Mus pahari fibroblast cells. Supernatants of the XMRV-infected Mus pahari fibroblast cells were analyzed for production of infectious XMRV. Mus pahari cells were infected with XMRV. At 1 and 5 days after infection, culture supernatants were harvested and filtered through a 0.45-m-pore-size filter and used to infect 2 ϫ 10 5 293T cells. Total DNA was isolated from the infected 293T cells, and copy numbers of XMRV proviral DNA were quantified from 1.0 g of total cellular DNA by using the ABI 7300 Real-Time PCR system and the following primers and probe: gag forward primer (5Ј-CAGTTGCTCTTAGCGGGTCT-3Ј), gag reverse primer (5Ј-TTACCTTGGCCAAATTGGTG-3Ј), and probe Roche library #51 (5Ј-FA M-GGCAGGAG-3Ј). Standard curves were generated with a serially diluted infectious molecular clone of XMRV VP62, pcDNA3.1(Ϫ)/VP62, where 1.0 ng of pcDNA3.1(Ϫ)/VP62 was used as 7 ϫ 10 7 copies of XMRV. Virus isolation and quantification. Supernatants from 22Rv1 cells were purified with a 0.45-m-pore-size filter and centrifuged through a 20% sucrose cushion at 13,000 rpm for 1 h at 4°C. The virions were washed with phosphatebuffered saline (PBS) and centrifuged at 13,000 rpm for 1 h, and the final viral pellets were resuspended in PBS. In order to obtain virus titers, the viral RNA was isolated by using a QIAamp viral RNA minikit (Qiagen). After DNase I treatment, cDNA was synthesized by using a SprintRT Complete system (Clontech). Viral genomic copy numbers were quantified by using an ABI 7300 real-time PCR system, and RNA genomic copy numbers were calculated by multiplying copy number values and each dilution factor. An infectious molecular-clone-derived XMRV, VP62, was produced by transfecting pcDNA3.1(Ϫ)/VP62 in 293T cells using FuGene 6 (Roche). Media were replaced 24 h later. At 3 days posttransfection, the supernatants were harvested, purified, and titrated as described above.
MLV GFP retroviral vector genome pseudotyped with XMRV proteins. A Moloney MLV-based retroviral gene transfer vector, which encodes green fluorescent protein (GFP) but no viral proteins, was pseudotyped with an infectious molecular clone of XMRV (pcDNA3.1(Ϫ)/VP62) in 293T cells (24). The GFP virus was then purified as described above, and the virus titers (GFP transducing units) were determined by flow cytometry (BD FACScan) (24) .
Immunostaining. XMRV-infected Mus pahari cells were fixed with 4% paraformaldehyde for 20 min and permeabilized with 0.3% Triton X-100 for 15 min. Cells were blocked with 5% FBS-PBS. They were then stained with goat anti-MLV p30 (1:500) and mouse anti-␤-actin (1:500) and visualized by DyLight 488-conjugated donkey anti-goat IgG antibody (1:500; Jackson Immunoresearch Laboratories) and Texas-Red-conjugated anti-mouse IgG secondary antibodies (1:500; Jackson ImmunoResearch Laboratories), respectively. Nuclei were counterstained with DAPI (4Ј,6Ј-diamidino-2-phenylindole) and analyzed by confocal microscopy (Zeiss).
Infection of mice with XMRV. Neonatal or adult Mus pahari mice were injected intraperitoneally or intravenously with the indicated amounts of XMRV or MLV GFP vector pseudotyped with the XMRV envelope.
XMRV neutralization assay. A GFP vector pseudotyped with XMRV was used for neutralization assay as previously reported (24) . Plasma samples from XMRV-infected and uninfected Mus pahari were heat inactivated at 56°C for 30 min. Real-time PCR. DNA from mice tissues and blood samples were extracted by using a PureLink genomic DNA minikit (Invitrogen) according to the manufacturer's protocol. All samples were eluted in 50 l of elution buffer, and the concentration of the DNA was determined by BioPhotometer (Eppendorf). For the real-time PCR assay, TaqMan Universal PCR Master Mix (Roche) was used with the same probe and primers as described above. The assay was analyzed by ABI 7300 real-time PCR.
Detection of XMRV DNA in blood and tissue samples. DNA from mouse blood and tissue was extracted by using a PureLink genomic DNA minikit (Invitrogen). Nested-PCR was performed to amplify XMRV-specific sequences with platinum Taq polymerase (Invitrogen). XMRV gag was PCR amplified using the outer primers 5Ј-ACGAGTTCGTATTCCCGGCCGCA-3Ј and 5Ј-CC GCCTCTTCTTCATTGTTC-3Ј and the inner primers 5Ј-GCCCATTCTGTAT CAGTTAA-3Ј and 5Ј-AGAGGGTAAGGGCAGGGTAA-3Ј. For the XMRV env amplification, the outer primers 5Ј-TGGAAAATTACCAACCTAATGAC AG-3Ј and 5Ј-GATACAGTCTTAGTCCCCATGTT-3Ј and the inner primers 5Ј-GATTTAGTTGGAGACAACTGGGAT-3Ј and 5Ј-GCACCCTGGATGCT ACCGGAGCC-3Ј were used. The PCR products were then cloned into pGEM-T vector (Promega), and the amplified sequences were analyzed by DNADynamo (BlueTractor Software).
Immunohistochemistry. Sections of OCT-embedded tissue specimens (5-m thickness) on glass slides were blocked with 5% FBS-PBS for 30 min. XMRV Gag and Env were detected with goat anti-gp30/70 antibody (kindly provided by Yasu Takeuchi), followed by DyLight 488-conjugated donkey anti-goat IgG antibody (Jackson Immunoresearch). Spleen sections were also stained with the following antibodies: Alexa Fluor 647-conjugated hamster anti-mouse CD3 (1: 200; Invitrogen), CD11b-FITC (1:11; Miltenyi Biotec), fluorescein isothiocyanate (FITC)-conjugated rat anti-mouse CD19 (1:200; BD Pharmingen), and FITC-conjugated anti-mouse Ly-6G (1:200; eBioscience). Nuclei were counterstained with DAPI and analyzed by confocal microscopy.
Splenocyte analysis by flow cytometry. Spleen cells were harvested through physical dissociation. They were centrifuged (400 ϫ g), and the pellets were lysed with red blood cell lysis buffer for 5 min at room temperature. Lysis reaction was stopped by adding RPMI medium and centrifuged at 400 ϫ g. The pellets were washed with PBS and fixed with 4% paraformaldehyde for 5 min at room temperature. After fixation, the cells were centrifuged again and resuspended in PBS. Immunostaining was performed by using the following antibodies: phycoerythrin (PE)-conjugated rat anti-mouse CD4 (1:100; BD Pharmingen), PEconjugated rat anti-mouse CD8a (1:100; BD Pharmingen), CD11b-PE (1:11; Miltenyi Biotec), PE-conjugated rat anti-mouse CD19 (1:100; BD Pharmingen), and PE-conjugated anti-Gr-1 (1:11; Miltenyi Biotec). Stained cells were analyzed by flow cytometry, and the data were analyzed by using CellQuestPro software.
Hematology analysis. To provide complete blood counts (CBC), blood samples were harvested in EDTA-coated test tubes and analyzed by VetScan HMII (Abaxis). Peripheral blood smears were also fixed in methanol, and white blood cells were visualized by Wright-Giemsa staining (Volu-Sol, Inc.).
RESULTS

Mus pahari-derived cells support XMRV entry and replication in vitro. Yan et al. reported that
Mus pahari cells express a functional receptor for XMRV (36) . To confirm this, Mus p1hari fibroblasts were infected with 22Rv1-derived XMRV (13) . Immunostaining with anti-MLV p30/gp70 polyclonal antibodies revealed expression of XMRV proteins in the XMRVinfected Mus pahari cells (Fig. 1A) . No prominent FITC signal was observed in the uninfected Mus pahari cells. These data confirmed expression of a functional receptor for XMRV in Mus pahari cells and suggested that Mus pahari cells can support transcription and expression of XMRV genes. Filtered culture supernatants from XMRV-infected and uninfected Mus pahari cells were harvested at days 1 and 5 after infection and were used to infect 293T cells. Real-time PCR of genomic DNA from these 293T cells generated XMRV-specific amplification products ( Infection of Mus pahari mice with XMRV. In initial experiments, six adult and four neonatal Mus pahari mice from both sexes were injected with 22Rv1-derived XMRV. Adult mice received 2.2 ϫ 10 8 genomic copies of XMRV (ca. 3.0 ϫ 10 5 IU of XMRV/mouse) by the intraperitoneal route. Neonatal mice were injected subcutaneously with XMRV (5 ϫ 10 7 genomic copies/mouse) on the day of birth. Two adult mice were also injected intraperitoneally with an infectious molecular clone of VP62-derived XMRV. Blood and tissue samples were isolated at various times to assay for viral biodistribution and persistence, effects on blood cell content, and immune responses against the virus.
Detection of XMRV in plasma and in blood cells. Blood was drawn at varied times after XMRV injection and real-time PCR was performed to detect proviral DNA in blood cells. Viral DNA was detected in three of the 10 mice over 5 to 12 weeks (Table 1 ). This experiment was repeated in 10 adult mice to detect cell-free virus (from genomic RNA in plasma) and cell-associated virus (from proviral DNA in blood cells). No viral RNA was detected in the plasma of any of the mice 5 days after infection (data not shown). A total of 63 copies of XMRV/l and 41 copies of XMRV/l were detected in the plasma in 1 of 10 infected adult mice at 2 and 4 weeks after infection. This corresponded to more than 80,000 copies of XMRV viral RNA in the blood of this mouse. When cellassociated XMRV was examined, 35 to 58 copies/g of proviral DNA were detected in three different mice. These data demonstrate detection of XMRV viral sequences in the blood of 7 of 22 mice over several weeks after infection.
To test whether functional XMRV could be isolated from the mice, blood cells from 12 of the infected mice were cultured with 293T cells, followed by real-time PCR for viral genomes (Table 1) . After three blind passages on 293T cells, XMRV sequences were detected from mice A1, A20, N3, and N4 (at 17, 1, 7, and 7 weeks, respectively, Table 1 ). All of the controls (three uninfected mice) were negative for XMRV. 
a XMRV-gag genomic copy numbers in 1.0 g of total cellular DNA are shown as numbers. NA, not available; ND, not determined. For the blood, heart, liver, spleen, brain, prostate, and testis data, a dash (Ϫ) indicates the absence of proviral DNA from blood or tissue samples. Individual mice (A, B, A5, A6, etc.) are indicated in the column headings. These data suggest that XMRV can infect Mus pahari blood cells in vivo. Sporadic XMRV isolation also indicates few XMRV-infected cells in circulation. These data suggest that XMRV can disseminate as cell-free and cell-associated forms and that the virus can persist in the blood and in blood cells for weeks after infection.
Biodistribution of XMRV genomes in solid tissues in Mus pahari. Control and XMRV-infected mice were sacrificed at different times, and real-time PCR was performed on DNA from the heart, liver, spleen, brain, prostate, and testis (Table  1) . In mice that were infected with 22Rv1-derived virus, XMRV sequences were detected in the heart, spleen, and brain. Interestingly, when mice were infected with an infectious molecular clone of XMRV, virus-specific sequences were also detected in the prostate. These data indicate that XMRV spreads to multiple tissue sites in Mus pahari, including tissues relevant to human XMRV associations.
Biodistribution of XMRV-infected cells in solid tissues. Attempts to identify XMRV-infected cells in tissues by immunostaining were hampered by the lack of XMRV-specific antibodies. When sections of spleen and brain tissues from mice were immunostained with goat anti-MLV p30/gp70 polyclonal antibody, positive cells were observed in both control and infected mice (see Fig. S1 in the supplemental material).
Since the anti-MLV antibody was nonspecific for XMRV, we generated a GFP vector that was pseudotyped with an infectious molecular clone of XMRV VP62 (MLV-based retroviral transfer vector genome, pseudotyped by XMRV Gag, Pol, and Env). The GFP vector pseudotyped with XMRV was injected intravenously into three adult Mus pahari mice (10 6 IU/mouse). At 1 week after injection, splenocytes were isolated and counterstained with PE-labeled antibodies for CD4, CD8, CD19, and CD11b to detect T cells, B cells, and monocytes/ macrophages ( Fig. 2 and data not shown) . No GFP-positive splenocytes were observed in the control mouse or in one of the three injected animals. In a second GFP-XMRV-infected mouse, GFP-positive cells were observed in the CD4 ϩ , CD8 ϩ , CD19 ϩ , and CD11b ϩ cells. In the third GFP-XMRV-infected mouse, similar, but fewer GFP ϩ /CD4 ϩ and GFP ϩ /CD19 ϩ double-positive cells were also observed. However, no GFP ϩ / CD11b ϩ cells were observed in this mouse. These data suggest that XMRV can infect various types of spleen cells, including CD4
ϩ T helper cells and CD19 ϩ B cells, in the early stage of infection. We found no notable differences in the proportions of CD4-, CD8-, CD19-, and CD11b-positive cells in XMRVinfected compared to uninfected mice.
Influence of XMRV infection on blood and spleen cells in Mus pahari. PCR, infection, and GFP transduction data indicated that blood cells are infected by XMRV. To assess whether XMRV infection perturbs the normal population of blood cells, blood samples from nine adult mice that received intraperitoneal injections of XMRV (2.2 ϫ 10 8 genomic copies of 22Rv1-derived XMRV) were analyzed for complete blood counts (CBC) at different times after infection. The 95% reference range was calculated as (mean Ϫ 1.96 ϫ SD) to (mean ϩ 1.96 ϫ SD) using CBC data from 12 uninfected adult Mus pahari (see Table S1 in the supplemental material) and used as the normal range. Modest increases in white blood cells, lymphocytes, monocytes, granulocytes, and platelets were observed in a subset of adult mice over 4 weeks after injection (Tables 2 and 3 ). Intriguingly, modest anemia and lymphopenia, characterized by reduced numbers of white blood cells, lymphocytes, and red blood cells, was observed in two neonatal mice injected with XMRV on the day of their birth (Table 4) .
To assess whether XMRV infection could also reduce the numbers of immune cells in lymphoid tissues, we also examined the major cell populations in spleen. Although the sizes of control and infected Mus pahari spleens were notably smaller than those of commonly used laboratory mice, immunostaining for CD3 (a pan-T-cell marker), CD11b (macrophage/monocyte marker), CD19 (B cell marker), and Gr-1 (neutrophil marker) revealed no notable pathogenic changes in XMRV-infected mouse spleen (see Fig. S2 in the supplemental material), including those of the mice with pancytopenia.
Adaptive immune responses to XMRV in Mus pahari mice. Plasma samples collected at varied times after XMRV infection had strong neutralizing antibodies in 10 of 12 infected adult and neonatal mice (Fig. 3A and Table 1 ). To determine the specificities of these neutralizing antibodies, the plasma samples were tested against MLV retroviral vectors (with MLV Gag and Pol) that had been pseudotyped with Env glycoproteins from vesicular stomatitis virus G, amphotropic MLV, RD114, or XMRV (25) . Tenfold dilution of plasma samples from XMRV-infected Mus pahari completely neutralized infection of the vector pseudotyped with XMRV Env (Ͼ97% neutralization). In contrast, Ͻ5% neutralization was observed at a 1:10 dilution of mouse serum against vectors pseudotyped with other viral glycoproteins, confirming the specificity of neutralizing activity (data not shown). It is worth noting that no cross-neutralizing activity was observed against a closely related amphotropic MLV Env-pseudotyped vector. These data demonstrated the rapid induction of high levels of XMRV-specific neutralizing antibodies in the infected mice.
When plasma samples were tested against XMRV structural proteins from cell lysates of XMRV-infected and uninfected PC3 prostate carcinoma cells, Env-specific antibodies were observed as early as 2 weeks after XMRV injection in some of the mice (Fig. 3B) . Western blotting analysis with plasma samples obtained at 12 and 14 weeks after infection showed stronger XMRV Env signals and additional signals for XMRV precursor Gag and capsid proteins. These kinetic antibody responses were in sharp contrast to responses in Mus musculus BALB/c mice, which developed no detectable levels of XMRV-specific antibodies after multiple intraperitoneal injection of XMRV (data not shown). Western blotting with the mouse A4 plasma, which showed no detectable XMRV-neutralizing antibodies, did not detect /liter), respectively. c The 95% reference range was calculated as (mean Ϫ 1.96 ϫ SD) to (mean ϩ 1.96 ϫ SD) using CBC data from 12 uninfected Mus pahari (see Table S1 in the supplemental material) and is shown as the normal range. SD, standard deviation. c The 95% reference range was calculated as (mean Ϫ 1.96 ϫ SD) to (mean ϩ 1.96 ϫ SD) using CBC data from 12 uninfected Mus pahari (see Table S1 in the supplemental material) and is shown as the normal range. SD, standard deviation.
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XMRV-specific proteins. Since we failed to detect XMRV sequences in the mouse A4, we speculate that this mouse was not infected by XMRV. In addition, despite their high levels of XMRV-specific neutralizing antibodies, plasma samples from an adult mouse A5 and two mice N3 and N4, which received XMRV on the day of birth, repeatedly failed to show XMRV Env and Gag proteins. It is likely that the neutralizing antibodies in these mice recognized the /liter), respectively. wpi, weeks postinfection. c The 95% reference range was calculated as (mean Ϫ 1.96 ϫ SD) to (mean ϩ 1.96 ϫ SD) using CBC data from 12 uninfected Mus pahari (see Table S1 in the supplemental material) and is shown as the normal range. SD, standard deviation. epitopes that were sensitive to sodium dodecyl sulfate or thermal denaturation. XMRV Env-specific immune responses were also observed viral molecular clone injected mouse A19 by the neutralization assays (data not shown) and Western blotting (Fig. 3B) . No XMRV-specific antibodies were detected in the mouse A20 at 2 weeks postinfection, perhaps due to less robust immune responses at this early time point.
Potential intracellular restriction of XMRV in Mus pahari mice. Since XMRV is sensitive to the human APOBEC3G and -3F-mediated hypermutation (8, 22) , we analyzed XMRV sequences recovered from infected Mus pahari mice. Partial gag and env sequences were amplified from blood cell DNA from mice A2 and A3 (Table 1) , and these were compared to the reference XMRV sequence (GenBank accession no. NC_007815). Eight nucleotide substitutions and one nucleotide deletion were found in the 5,830 bp of mouse A2 blood-derived gag sequences (10 PCR clones, no identical mutations found) (Fig. 4A) . No mutations were observed in A2 blood-derived env sequences (12 PCR clones, total of 3,060 bp) and in the mouse A3 blood-derived gag sequences (3 PCR clones, total of 1,740 bp). When the XMRV sequences in the spleen of infected mice were determined, high levels of G-to-A hypermutations were found in the gag sequences, but not in the env sequences, of mouse A2 and A3 spleen-derived XMRV sequences (Fig. 3B) . No notable mutations were observed in XMRV sequences cloned from the brain tissues of mice A2 and A3 (data not shown). These data suggest the existence of APOBEC3-like intracellular immunity, which restricts XMRV replication through Gto-A hypermutation, in Mus pahari spleen cells.
Exogenous MLV-like sequences identified in a control mouse. Unexpectedly, a brain sample from a control mouse B gave a positive signal by real-time PCR (Table 1) . Sequencing and BLAST analysis of the amplified XMRV-like sequences identified an MLV sequence, which is most closely related to a previously reported, wild-mouse-derived MLV strain, CasE#1 (35) (Fig. 4C) . This observation suggests that CasE#1-like 
DISCUSSION
In this study, we examined the permissivity of Mus pahari to XMRV infection. We demonstrated in vitro that Mus pahari cells support the early and late phases of XMRV replication. In vivo, we demonstrated persistent detection of viral RNA, proviral DNA, and infectious virus in the mice for prolonged periods after single injection. XMRV appeared to infect immune cells, including CD4
ϩ T cells and CD19-positive B cells. These data indicate that Mus pahari mice hold promise as a model for XMRV infection. Once it is optimized to increase the frequency of detectable infection, the mice should be a useful platform for screening XMRV diagnostics and XMRV therapeutics. Single XMRV injection induced strong immune responses against viral Env and Gag proteins. Therefore, Mus pahari would also appear to be a viable model for testing vaccine strategies against this virus should it be determined that it poses legitimate risks to humans.
Modest anemia and lymphopenia was observed in two neonatally XMRV-injected mice. These two mice showed continual minor nose bleeding and were smaller than their two litter mates (N3 and N4) that showed no notable clinical signs. Although the precise mechanism remains to be determined, the observed modest anemia and lymphopenia were likely due to the continual bleeding. Alternatively, XMRV infection in newborn mice may induce bone marrow suppression. Since these two mice were littermates, it also remains possible that these clinical signs were not associated with XMRV infection. Additional studies are needed to determine whether these are XMRV-related phenomena; however, these experiments are difficult since virus-injected neonates are frequently cannibalized by the mother.
This XMRV-associated pancytopenia is of interest considering recently identified gammaretroviral Env-mediated immunosuppression (28) . It is plausible that persistent XMRV infection in immune cells can induce immunological dysregulation. If this is confirmed, induction of immunosuppression could play a role in XMRV-associated diseases, perhaps including prostate cancer and CFS. Loss of immune control of transformed cells is a classic event in tumorigenesis. Likewise, aberrant cellular immunity has been observed in patients with CFS (2, 12). Further long-term studies will determine whether XMRV infection in Mus pahari induces transient or persistent immunosuppression, followed by malignancy and neurological or immunological disorders.
Although our results demonstrated that Mus pahari can be infected with XMRV and used for studying the virus infection, we experienced several Mus pahari-specific issues. First of all, handling of these mice requires special precautions. Mus pahari mice are faster and more aggressive than inbred laboratory mice. In addition, they are more susceptible to loss of skin when they are held by their tail. Other husbandry issues include lower successful mating rates (ca. 50%), small litter size (typically two to four pups), and parental cannibalism. Finally, given its potential role in human disease, it is crucial to contain these XMRV-infected mice in biosafety level 2 facilities.
In contrast to commonly used Mus musculus laboratory mice, Mus pahari has no endogenous xenotropic and mink cell focus-forming virus env sequences in its genome (14, 15) . Indeed, except for the one brain sample that harbored an exogenous CasE#1-like MLV sequence, our XMRV gag-and envspecific real-time PCRs and standard XMRV gag and env sequence-specific PCR primers did not amplify any MLV-related sequences from uninfected Mus pahari DNA samples. These data confirmed no MLV-like endogenous retrovirus in Mus pahari, and we concluded that the sequences amplified by our PCR primers were of XMRV origin, rather than related endogenous retroviruses in Mus pahari. BLAST analysis of the amplified sequences recovered from XMRV-infected mice were most closely related to previously reported XMRV sequences. Nevertheless, these data do not rule out the possible existence of endogenous retroviruses in Mus pahari. Indeed, when we used PCR primers that were previously used to detect XMRV pol in human cells (24) , all DNA samples from infected and uninfected Mus pahari tissues gave positive signals. This suggests that Mus pahari cells may have an endogenous retrovirus or embedded pol gene with some homology to XMRV.
We also identified an MLV-related sequence in an uninfected Mus pahari brain. BLAST analysis identified a wild mouse-derived exogenous MLV strain, CasE#1, as the closest relative of this sequence. The same sequences were not detected in other Mus pahari DNA samples, indicating that this mouse had an exogenous CasE#1-like MLV. Although CasE#1 was originally isolated from a wild mouse trapped in the area of Lake Casitas, California (3), a subsequent study implied that this wild mouse population may have acquired mouse gammaretroviruses from Asian mice (15) . We speculate that the CasE#1-related MLV is naturally circulating in wildmouse populations in Thailand, which was then introduced into commercially available Mus pahari populations when colonies were established using the Thai wild mice.
In addition to well-characterized conventional innate and adaptive immunity, intrinsic antiviral mechanisms play critical roles in restricting retrovirus replication (9, 21, 29) . In mice, the mutagenic cytidine deaminase activity of APOBEC3 has been linked with the nucleotide sequence diversity among endogenous and exogenous gammaretroviruses; APOBEC3 restricts AKV MLV in AKR mice through introduction of Gto-A hypermutations (16) , while APOBEC3 knockout mice show enhanced replication and pathogenesis of Moloney MLV (18) . Moreover, mouse APOBEC3 has been under positive selection throughout Mus evolution, suggesting the essential role of APOBEC3 in controlling retroviral replication in vivo (26) . Recent studies have demonstrated that XMRV restriction by human APOBEC3 proteins and mouse APOBEC3 in vitro (8, 22) . Consistent with these observations, we found prominent G-to-A mutations in the XMRV gag sequences recovered from infected Mus pahari spleen, suggesting the possible involvement of APOBEC3-mediated hypermutations in controlling XMRV replication in vivo in Mus pahari. No notable G-to-A hypermutations were found in the XMRV sequences amplified from blood or brain samples, suggesting that APOBEC3 is expressed to higher levels in spleen than in blood or brain cells. It is also possible that XMRV replicates more actively in spleen than in blood or brain. Further studies are necessary to address the involvement of APOBEC3 in controlling XMRV replication in vivo.
In summary, our data demonstrated that Mus pahari mice support XMRV replication in vitro and in vivo, while they can control its replication through innate and adaptive immune responses. They can be used to study the modes of XMRV transmission or to evaluate anti-XMRV strategies such as anti-XMRV vaccines in vivo. Long-term XMRV infection study in large number of Mus pahari would also reveal possible pathogenesis caused by XMRV in vivo. Thus, Mus pahari would provide the animal model testing to in part satisfy Koch's postulate regarding XMRV. Since we found that AZT strongly blocks XMRV replication in vitro (24), we are currently evaluating its preventive and therapeutic effects on XMRV infection and replication in vivo.
